Introduction
============

There are an increasing number of cases of type II diabetes worldwide, including in Eastern and Western countries. Type II diabetes accounts for \~90% of all patients with diabetes and is becoming a global public health challenge ([@b1-mmr-21-01-0320]). As a common complication of diabetes, diabetic peripheral neuropathy (DPN) is characterized by swelling, degeneration, necrosis of dorsal root ganglia (DRG) neurons accompanying axonal degeneration and atrophy, leading to a high rate of disability and mortality in patients with type II diabetic ([@b2-mmr-21-01-0320]). Western medicines, such as methylcobalamin and neurotrophin, are usually used in clinical treatment; however, the therapeutic effects are poor in patients with DPN ([@b3-mmr-21-01-0320]). Additionally, the high cost also increases patient burden, for example, the annual cost of DPN and its complications was 4.6--13.7 billion dollars in the US in 2001 ([@b4-mmr-21-01-0320]). Traditional Chinese medicine, such as Chinese herbs, acupuncture and massage, is now attracting attention for the treatment of DPN due to its lower cost, accessibility and efficacy ([@b5-mmr-21-01-0320]).

Cortex Mori Radicis extract (CMR), collected from the root bark of some Morus species, including *M. alba, M. mongolica, M. cathayana*, and *M. australis*, has been used as an anti-diabetic agent in traditional Chinese medicine for years ([@b6-mmr-21-01-0320]). A previous study reported that hot water extracts from CMR (*Morus alba L*.) possessed hypoglycemic activity in streptozotocin (STZ)-induced diabetic mice ([@b7-mmr-21-01-0320]). CMR was also reported to attenuate myocardial damage in diabetic rats, such as cardiac hypertrophy and fibrosis ([@b8-mmr-21-01-0320]). Our previous study indicated that CMR induced the neurite outgrowth in pheochromocytoma PC12 cells and the primary cortical neuron of rats ([@b9-mmr-21-01-0320]). These previous findings suggested that CMR possesses anti-diabetic and neuroprotective potential, and the roles of CMR have been demonstrated using different methods, including *in vivo* vs. *in vitro* experiments. However, few previous studies have focused on the effects of CMR on neuroregeneration of DPN in Type II diabetics and a detailed mechanism remains unclear.

Therefore, the present study was designed to investigate the effects of CMR on DPN in diabetic rats using DRG neurons and explore the underlying mechanisms. The results of the present study showed that CMR induced and promoted the neurite outgrowth of DRG in diabetic rats, which was associated with the activation of PI3K/AKT signaling and inhibition of Ca^2+^ influx by upregulating transient receptor potential canonical 1 (TRPC1).

Materials and methods
=====================

### Preparation of CMR extract

CMR was purchased from Anhui Tienho Herbal Source Company. CMR (100 g) was thinly sliced with scissors soaked in 500 ml distilled water at 50°C for 3 h, and concentrated using a rotary evaporator (BUCHI B-480; BUCHI, Ltd.) at 60 rpm and 70°C for 2 days. The concentrated extracts were lyophilized using a freeze dryer (FDU-540; EYELA) for 24 h. After the lyophilization, a yellow-brownish active powder was obtained (yield=11.1 g).

### Animals

A total of 45 Male Sprague-Dawley rats (5--6 weeks old) weighing 200±20 g were obtained from Hubei Research Center of Laboratory Animals. They were maintained at room temperature (24±2°C) and relative humidity 45--55% under a 12-h light/dark cycle. Food and water were provided *ad libitum* throughout the experiments.

### Groups

The rats were randomly divided into 5 groups (n=8 each group): i) Control group (control), fed with a standard diet, gavaged with normal saline; ii) type II diabetic model group (model), induced with high-fat diet/low-dose STZ and gavaged with normal saline; iii) CMR treatment group (CMR), diabetic model followed by gastrointestinal treatment with CMR; iv) CMR plus TRPC1-small interfering (si-)RNA treatment group (CMR+si-TRPC1), diabetic model treated with CMR and a tail vein injection of TRPC1-si-RNA; and v) CMR plus control-si-RNA treatment group (CMR+si-Control), diabetic model treated with CMR and a tail vein injection of Control-siRNA.

### High-fat diet/low-dose STZ-induced diabetic model

The control group was fed with a normal diet, which contained 4.25 gm% fat. The other four groups were fed with a high-fat diet for 8 consecutive weeks (1--8 weeks), which contained 24 gm% fat, 24 gm% protein and 41 gm% carbohydrate. Following this, the high-fat-diet rats were treated with STZ (30 mg/kg in 0.9% NaCl, i.p.; Sigma-Aldrich) in weeks 5--8 (once per week; a total of 4 times). Diabetes was verified by evaluating the fasting blood glucose levels using glucose oxidase reagent strips (Aviva Accu-Chek; Roche Diagnostics GmbH), a glucose level \>13.9 mM was considered to indicate diabetes ([@b10-mmr-21-01-0320]).

### Treatment with CMR and injection via tail vein delivery of siRNA

Diabetic rats were subjected to 100 mg/kg CMR (lot no. 14015121; Beijing Tcmages Pharmaceutical Co., Ltd.) via gastrointestinal treatment for 4 consecutive weeks (once a day in weeks 9--12) in CMR group ([@b11-mmr-21-01-0320]). Another two groups of diabetic rats were treated with 100 mg/kg CMR together with the tail vein delivery of TRPC1-si-RNA (0.1 mg/kg; 5′-GAACAUAAAUUGCGUAGAU-3′; OriGene Technologies, Inc.) or Control-si-RNA (0.1 mg/kg; 5′-UAGCGACUAAACACAUCAA-3′; OriGene Technologies, Inc.) in 2 ml PBS via rapid tail vein delivery (5--10 sec), once every 4 days during weeks 9--12 (a total of 6 times), as shown in [Fig. 1A](#f1-mmr-21-01-0320){ref-type="fig"} ([@b12-mmr-21-01-0320],[@b13-mmr-21-01-0320]). During the experiments, the following data was collected about rats in the different groups: Weight, food intake, drink and excrement.

### Nociceptive behavioral tests

Thermal nociceptive threshold was assessed by measuring the withdrawal latency on hot plate as previous described ([@b14-mmr-21-01-0320]). The temperature of the hot-plate was maintained at 50°C. The withdrawal latency started from putting the mouse on the plate and terminated when a brisk withdrawal or paw flinching was observed. A cut-off time of 30 sec was set to avoid lesions on the paw. The mechanical nociceptive threshold was quantified using the Randall-Selitto paw withdrawal test ([@b15-mmr-21-01-0320]) using an analgesy meter (Ugo Basile S.R.L.) that generates a linearly increasing mechanical force. Results represents the maximal pressure (g) tolerated by the animal. The test was repeated three times with each rat, and the mean value was calculated for evaluation.

### Hematoxylin and eosin (H&E) staining for the evaluation of Nissl bodies

The rats were deeply anesthetized using sodium pentobarbital (50 mg/kg, i.p.) and no contraction response was observed when rat paws were clamped with tweezers. Subsequently, rats were transcardially perfused with 100 ml ice-cold PBS (pH 7.4) followed by 500 ml 4% paraformaldehyde. After perfusion, the spine was surgically isolated followed by a longitudinal incision, the spinal cord was carefully removed and the intervertebral foramen was exposed. DRGs (T8-L5) were isolated and obtained. DRGs were post-fixed in the same fixatives for 90 min at room temperature and cryoprotected overnight at 4°C in PBS containing 30% sucrose. The DRGs were embedded in optimal cutting temperature compound (Bayer Corporation), frozen and then cut into 15 µm sections. The sections were mounted on gelatin coated slides for H&E staining to observe changes in Nissl bodies. According to the manufacturers\' protocol (C0105, Beyotime Institute of Biotechnology), the slides were stained in hematoxylin for 5 min and washed with H~2~O for 10 min at room temperature. After dipping in 80% EtOH, the slides were stained with Eosin for 30 sec, and dipped sequentially in 95% EtOH and 100% EtOH. Then, the slides were immersed in xylene for 5 min, and images were captured using a Nikon Eclipse Ti-S microscope (Nikon Corporation) at 400× magnification. All sections were randomized and evaluated by two trained observers who were blinded to the treatment groups.

### DRG neuron culture

After deep anesthesia induced by intraperitoneal injection of sodium pentobarbital (50 mg/kg), rats were unconsciousness with a slow respiratory and heart rate. DRGs (T8-L5) were isolated following the aforementioned protocol without intracardiac perfusion. The DRGs were digested with 0.5% trypsin and 1% collagenase (type IA; Invitrogen; Thermo Fisher Scientific, Inc.) at 37°C for 1 h to obtain a single cell suspension. Following this, 10% FBS (Invitrogen; Thermo Fisher Scientific, Inc.) was added to stop digestion and the cells were centrifuged for 10 min at 1,000 rpm. The cells were resuspended and cultured in the neurobasal medium (Invitrogen; Thermo Fisher Scientific, Inc.) supplemented with 0.5 mM glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin (Gibco; Thermo Fisher Scientific, Inc.) at 37°C in a 5% CO~2~ incubator.

### Assessment of total neurite outgrowth

DRG neurons from different groups were loaded with fura-2/AM (2 µM; S1052, Beyotime Institute of Biotechnology) at room temperature for 30 min to assay neurite outgrowth as previously described ([@b16-mmr-21-01-0320]). The cells were cultured on round coverslips, and then treated with fura-2/AM. Images were captured using a Leica DMI 6000B fluorescence microscope (Leica Microsystems GmbH) controlled using SlideBook software 4.2 (Intelligent Imaging Innovations, Inc). The length of neurite outgrowth was assessed by measuring the total length from the cell body to the end of all neuritis. The final length was the sum of all neurites that were measured from one cell body.

### Growth cone turning assay

To assess growth cone turning, a micropipette was placed 15 mm away from the growth cone center at an angle of 45° with respect to the initial direction of the neurite extension. Axons were positioned with their growth cones 100 µm away from a glass micropipette containing nerve growth factor (NGF, 50 ng/ml) with their direction of growth at 45° to the pipette tip. NGF was expelled at 2 Hz using 3 psi to create gradients with a 10--15% change in concentration across 10 µm. Phase contrast images were acquired at a magnification of ×20 for 1 h at 1 min intervals with a Zeiss Axio Observer (Zeiss GmbH) at room temperature.

### Reverse transcription-quantitative (RT-q)PCR

Neurons were collected and total RNA was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). RT was performed using a Reverse Transcription kit (Takara Biotechnology Co., Ltd.). The reaction conditions were as follows: 37°C for 15 min, 85°C for 5 sec and a 4°C hold. The expression levels of TRPC1 were determined using qPCR with the Real-Time PCR System 7500 Fast (Applied Biosystems; Thermo Fisher Scientific, Inc.). The following primers were synthesized by Sangon Biotech Co., Ltd.: TRPC1 forward, 5′-GCAGAACAGCTTGAAGGAGTG-3′ and reverse, 5′-CACTAGGCAGCACATCACCT-3′; and GAPDH forward, 5′-TCTCTGCTCCTCCCTGTTCTA-3′ and reverse, 5′-GCCAAATCCGTTCACACCG-3′. The amplification conditions were as follows: 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec, 60°C for 30 sec and 72°C for 30 sec. The fold change in mRNA expression was quantified using the 2^−ΔΔCq^ method ([@b17-mmr-21-01-0320]) and GAPDH was used for normalization.

### Western blotting

Neurons were collected and lysed with RIPA buffer (Beyotime Institute of Biotechnology) and the protein concentration was determined using a BCA Protein Assay kit (Pierce; Thermo Fisher Scientific, Inc.). Proteins (25 µg) were resolved using 10% SDS-PAGE, transferred to PVDF membranes and probed with antibodies against TRPC1 (cat. no. sc-133076; Santa Cruz Biotechnology, Inc.), PI3K (p110α, 1:1,000; cat. no. 4255; Cell Signaling Technology, Inc.), AKT (1:1,000, cat. no. 4691; Cell Signaling Technology, Inc.), phospho-Ser473 AKT (1:2,000, p-AKT; cat. no. 4060; Cell Signaling Technology, Inc.) and GAPDH (1:1,000, cat. no. 5174; Cell Signaling Technology, Inc.). The membranes were then incubated with horseradish peroxidase-conjugated secondary antibody \[horse anti-mouse IgG (1:2,000, cat. no. 7076) or goat anti-rabbit IgG (1:2,000, cat. no. 7074)\] at room temperature for 1 h. Immunoreactive bands were visualized using ECL (SignalFire™ Plus ECL Reagent, cat. no. 12630, Cell Signaling Technology, Inc.) and bands were scanned using a scanner (HP Scanjet 7400C; Hewlett Packard). Optical density for each band was assessed using ImageJ analysis software (version 1.60, National Institutes of Health). Sample loading was normalized by quantities of GAPDH detected in parallel.

### Calcium imaging

Ratiometric imaging of intracellular Ca^2+^ using cells loaded with Fura-2/AM. DRG neurons were seeded in a 6-well plate (5×10^5^ cells/well) and were cultured for 24 h. Coverslips with cells were placed in a cation-safe solution composed of (107 mM NaCl, 7.2 mM KCl, 1.2 mM MgCl~2~, 11.5 mM glucose, 20 mM HEPES-NaOH, pH 7.3) and loaded with Fura-2/AM (2 µM final concentration) for 30 min at 37°C. Cells were washed and Ca^2+^ measurements were performed using a Leica DMI 6000B fluorescence microscope controlled using SlideBook software. Intracellular Ca^2+^ measurements are shown as the 340/380 nm ratio obtained from groups of single cell (\~50 cells).

### Statistical analysis

Data are presented as the mean ± SD from at least 3 independent experiments. Comparisons between two groups were conducted using a one-way ANOVA and Bonferroni-Dunn test for multiple comparisons using Prism 5.0 software (GraphPad Software, Inc.). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### CMR treatment reduces the blood glucose levels of diabetic rats

As shown in [Fig. 1B](#f1-mmr-21-01-0320){ref-type="fig"}, a high dose of CMR (100 mg/kg) decreased the blood glucose levels of diabetic rats. Compared with the model group, the blood glucose levels in diabetic rats following CMR treatment were significantly decreased (30.3±1.96 vs. 8.92±1.02 mM in the model and CMR groups, respectively; P\<0.01; [Fig. 1C](#f1-mmr-21-01-0320){ref-type="fig"}). Additionally, CMR treatment restored the weight of diabetic rats and showed an inhibitive effect on food intake, drink and excrement in rats who received an injection of STZ ([Fig. 1D-G](#f1-mmr-21-01-0320){ref-type="fig"}). siRNA-TRPC1 treatment abrogated the suppressive effect of CMR in diabetic rats (8.92±1.02 vs 18.3±2.14 mM in the CMR vs. CMR + si-TRPC1; P\<0.05), suggesting that TRPC1 is involved in the anti-diabetic effects of CMR ([Fig. 1C-G](#f1-mmr-21-01-0320){ref-type="fig"}).

### CMR improved nerve functions in rats with STZ-induced DPN

To evaluate the effects of CMR on nerve functions in rats with DPN, thermal hypoalgesia and the mechanical threshold was assessed. CMR significantly inhibited the increase of thermal latency ([Fig. 2A](#f2-mmr-21-01-0320){ref-type="fig"}). Compared with the model group, CMR prevented a decrease in the mechanical threshold ([Fig. 2B](#f2-mmr-21-01-0320){ref-type="fig"}). Consistent with the aforementioned results, si-TRPC1 treatment reversed the protective effects of CMR on nerve functions in diabetic rats.

### CMR reverses the loss of Nissl bodies in the DRG neurons of diabetic rats

Pathological changes in the DRG neurons were investigated by assessing the morphology of Nissl bodies using H&E staining. As shown in [Fig. 3](#f3-mmr-21-01-0320){ref-type="fig"}, DRG neurons in diabetic rats showed a loss of Nissl bodies. However, Nissl body dissolution was distinctly decreased with CMR treatment. Compared with the CMR group without TRPC1-siRNA treatment, Nissl bodies showed more pathological changes following si-TRPC1 transfection.

### CMR induces the neurite outgrowth of DRG neurons in diabetic rats

To analyze neurite outgrowth, the total lengths of neurites were measured. Compared with the control group, the total neurite outgrowth in the DRG neurons of diabetic rats were significantly decreased (119.8±3.7 vs. 43.4±5.86 µm in the control and model groups, respectively; P\<0.01; [Fig. 4](#f4-mmr-21-01-0320){ref-type="fig"}). Conversely, CMR treatment induced the neurite outgrowth of DRG neurons (43.4±5.86 vs. 111.2±6.76 µm in the model and CMR groups, respectively; P\<0.01). si-TRPC1 transfection reduced the effect of CMR on the neurite outgrowth of DRG neurons in diabetic rats (111.2±6.76 vs. 57.0±6.5 µm in the CMR and CMR + si-TRPC1groups, respectively; P\<0.05; [Fig. 4](#f4-mmr-21-01-0320){ref-type="fig"}).

### CMR restores the response of the growth cone to NGF in diabetic rats

The chemotropic responses of DRG neurons as assessed by exposing growth cones to gradients of NGF. The growth cones in the model group exhibited no apparent bias in the direction of extension. CMR treatment evoked a marked chemotropic turning response toward the source of the NGF. Transfection with si-TRPC1 in the CMR group showed little effect on growth cone turning in response to NGF ([Fig. 5](#f5-mmr-21-01-0320){ref-type="fig"}).

### CMR upregulates TRPC1 and inhibits Ca^2+^ influx in the DRG neurons of diabetic rats

As shown in [Fig. 6A](#f6-mmr-21-01-0320){ref-type="fig"}, TRPC1 was successfully knocked down in si-TRPC1 rats. CMR treatment upregulated the expression of TRPC1 compared with the model group at the mRNA and protein levels ([Fig. 6B-D](#f6-mmr-21-01-0320){ref-type="fig"}). si-TRPC1 transfection suppressed the increase in the expression level of TRPC1 expression at protein level following CMR administration. Additionally, the Ca^2+^ influx in the DRG neurons from diabetic rats was significantly increased compared with the control group. CMR treatment inhibited extracellular Ca^2+^ influx in the DRG neurons of diabetic rats. Moreover, the suppressive effect of CMR on Ca^2+^ influx was partially reversed by si-TRPC1 transfection ([Fig. 6E and F](#f6-mmr-21-01-0320){ref-type="fig"}).

### Activation of PI3K/AKT signaling participates in the neurite outgrowth-inducing effects of CMR in diabetic rats

To investigate the possible molecular mechanisms of CMR-induced neurite outgrowth in diabetic rats, the effect of CMR on the activation of PI3K/AKT signaling was assessed. As shown in [Fig. 7](#f7-mmr-21-01-0320){ref-type="fig"}, CMR treatment increased the expression of PI3K and enhanced the phosphorylation of AKT. On the contrary, si-TRPC1 transfection in the CMR group reduced the activation of the PI3K/AKT signaling associated with CMR treatment, suggesting that the PI3K/AKT signaling pathway may be involved in the neurite outgrowth-promoting effects of CMR in DPN.

Discussion
==========

STZ-induced diabetic rats are one of the most frequently used animal models to study diabetes. A combination of a high-fat diet and a low dose of STZ can be used to induce a DPN model in Sprague-Dawley rats and C57Bl/6J mice ([@b18-mmr-21-01-0320],[@b19-mmr-21-01-0320]). Based on the achievable treatment strategies, such as controlling hyperglycemia, encouraging neurite elongation, increasing the supply of angiogenic and neurotrophic factors, previous studies have indicated that traditional Chinese medicine can be considered and used as a promising treatment for DPN ([@b20-mmr-21-01-0320]--[@b23-mmr-21-01-0320]). Jiaweibugan decoction was reported to significantly ameliorate motor nerve conduction velocity in diabetic rats and to play a protective role in peripheral nerve injury ([@b24-mmr-21-01-0320]). Bogijetong decoction had the potential to induce neurite outgrowth of DRG neurons in STZ-diabetic animals ([@b25-mmr-21-01-0320]). Consistent with these previous findings, in the present study CMR was found to lower the blood glucose levels of diabetic rats, improve nerve functions, reverse the loss of Nissl bodies, induce neurite outgrowth in DRG neurons and restore the response of growth cones to NGF, suggesting the potential of CMR on neuroregeneration in diabetic rats.

Neurite outgrowth is a critical step during neuronal differentiation and regeneration ([@b26-mmr-21-01-0320]). Ca^2+^ has been shown to participate in the process of neurite outgrowth ([@b27-mmr-21-01-0320]). In diabetes, neurons experience metabolic stress and mitochondrial dysfunction, which results in the deregulation of Ca^2+^ homeostasis ([@b28-mmr-21-01-0320]). In turn, Ca^2+^ homeostasis disequilibrium aggravated the pathological cellular reactions contributing to development of diabetic neuropathies ([@b29-mmr-21-01-0320]). Diabetic neuropathy potentiated the activity of T-type and high voltage-activated Ca^2+^ channels in primary sensory neurons ([@b30-mmr-21-01-0320]). A recent study showed that mesenchymal stem cells improved DPN by ameliorating intracellular Ca^2+^ homeostasis ([@b31-mmr-21-01-0320]). Ca^2+^ signaling-associated factors in DRG neurons include several types of Ca^2+^-permeable membrane channels ([@b32-mmr-21-01-0320]). In the brain, Ca^2+^ influx is related to the opening of TRPC1, and is frequently associated with the regulation of adult neural progenitor cells ([@b33-mmr-21-01-0320]). Including the change of extracellular calcium influx, a previous study reported that resting intracellular Ca^2+^ rose progressively in the neurons (DRG and dorsal horn) with the duration of diabetes and that calcium mobilization from the endoplasmic reticulum decreased during diabetes ([@b34-mmr-21-01-0320]), suggesting the involvement of calcium in the intracellular calcium pool. In the present study, Ca^2+^ influx was reduced in the CMR group compared with the diabetic model group, which suggested that Ca^2+^ influx was related to the biological activation of CMR in diabetic rats. More studies are required to investigate whether calcium in intracellular calcium pools participates in the progress of DPN.

siRNA delivery via tail vein injection in rats has been reported to have a prolonged, but not permanent, effect on target mRNA and the potential inflammatory sequelae ([@b13-mmr-21-01-0320]). However, this technique can also be used to introduce siRNAs into the tissues of the whole animal through a rapid and large volume tail-vein injection by increasing its hydrostatic pressure ([@b35-mmr-21-01-0320]). A previous study reported that *in vivo* tail vein delivery of siRNA to block caspase-8 or Fas could attenuate the onset of morbidity and mortality in polymicrobial sepsis ([@b13-mmr-21-01-0320]). Similarly, this strategy was used in the present study to deliver si-TRPC1 into rats (2 ml was injected into the tail vein within 10 sec a total of six times) to knockdown TRPC1 in DRG neurons. As expected, si-TRPC1 treatment induced a decrease in TRPC1 expression at the mRNA and protein levels, which confirmed the effectiveness of siRNA delivery via tail vein injection. It was notable that si-TRPC1 treatment had no obvious effect on the blood glucose in diabetic rats but showed the antagonistic effect during CMR application. The result suggested that TRPC1 only involved in the hypoglycemic effect of CMR but not fundamentally contributed to the development of diabetes although reduction in STZ-treated rats.

TRPCs belong to a superfamily of Ca^2+^-permeable receptor-operated channels that have been reported to participate in axon regeneration of peripheral nerves ([@b36-mmr-21-01-0320]). TRPC1 is closely related to neuron viability and growth cone sensitivity ([@b37-mmr-21-01-0320],[@b38-mmr-21-01-0320]). TRPC1 promoted neurite outgrowth in PC12 cells, while TRPC5 had a suppressive effect on neurite outgrowth ([@b39-mmr-21-01-0320]). Although TRPC1 expression was reduced in patients with diabetes and diabetic db/db mice ([@b40-mmr-21-01-0320]), TRPC1 played an important role in the regulation of adiposity associated with type II diabetes, which functioned as a Ca^2+^ entry channel and were activated upon depletion of intracellular Ca^2+^ stores ([@b41-mmr-21-01-0320]). Based on these previous studies, it was speculated that the regulation of TRPC1 and Ca^2+^ may participate in the neurite outgrowth in diabetic nephropathy. Consistent with this hypothesis, CMR upregulated TRPC1 expression, which was accompanied by reduced Ca^2+^ influx in the DRG neurons of rats with DPN, and the anti-diabetic and neuroprotective effects were reversed by the depletion of TRPC1.

The PI3K/AKT pathway is an important intracellular signaling pathway in regulating cellular proliferation ([@b42-mmr-21-01-0320]). PI3K activation leads to the phosphorylation and activation of AKT, leading to downstream reactions involved in nerve regeneration in diabetic rats ([@b43-mmr-21-01-0320]). A previous study reported that plasmacytoma variant translocation 1 regulated the occurrence and progression of DPN by activating the PI3K/AKT pathway ([@b44-mmr-21-01-0320]). Proanthocyanidin B2 attenuated the high-glucose-induced neurotoxicity of DRG neurons through the PI3K/AKT signaling pathway ([@b45-mmr-21-01-0320]). These previous studies suggested that there may be a link between diabetic enteric neuropathy and PI3K/AKT signaling. In the present study, CMR activated PI3K and increased the phosphorylation of AKT, resulting in the neurite outgrowth of DRG neurons. Further studies are required to determine if other signaling cascade responses participate in the biological effect of CMR in DPN, such as the p38 mitogen-activated protein kinase signaling pathway, the ERK1/2 signaling pathway, the nuclear factor-κB signaling pathway or the nuclear factor erthyroid-2 related factor/heme oxygenase-1 signaling pathway.

Limitations of the present study should also be mentioned. Firstly, si-TRPC1 cannot completely mimic DPN conditions *in vivo*. A diabetic model with a TRPC1 knockout would mimic the *in vivo* scenario more closely and provide further support to the conclusions reached in the present study. Furthermore, the relationship between Ca^2+^ influx, the increase in TRPC1 expression and the activation of PI3K/AKT signaling remains unclear. Therefore, future studies should be conducted using inhibitors of Ca^2+^ influx and the PI3K/AKT pathway to further confirm the efficacy of CMR on neurite outgrowth and neural regeneration in DRG neurons in diabetic rats.

In conclusion, CMR treatment increased the expression of TRPC1, resulting in the reduced Ca^2+^ influx. The upregulation of TRPC1 was associated with the activation of PI3K/AKT signaling, which contributed, a least partially, to the neurite outgrowth-prompting effects of CMR in diabetic rats ([Fig. 8](#f8-mmr-21-01-0320){ref-type="fig"}). The findings of the present study provided a theoretical basis and indicated a potential use for CMR in the clinical treatment of nerve injury linked to diabetic neuropathy.
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![Effect of CMR treatment on the blood glucose levels of diabetic rats. (A) Schematic diagram of the experimental procedure. Rats were fed a high-fat diet for 8 weeks. During weeks 5--8, STZ (30 mg/kg) was injected intraperitoneally once a week. The rats were then subjected to 4 continuous weeks of CMR (once a day) with or without the tail vein delivery of si-TRPC1 of si-control (once every 4 days). The rats were sacrificed and the samples were collected 24 h after the last CMR treatment. (B) The blood glucose levels between the diabetic model and CMR treatment groups, including low (1 mg/kg), moderate (10 mg/kg) and high (100 mg/kg) doses of CMR, were measured through the tail vein using a blood glucose meter. (C) At the end of the experiment, the blood glucose levels of rats from the different groups were measured and statistically analyzed. The red line indicates a blood glucose level of 13.9 mM. (D) Weight, (E) food intake, (F) drinking water and (G) excrement were monitored. The parameters refer to the average value per rat in the different groups (n=5 per group). \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001 vs. control; ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. model; ^Δ^P\<0.05 vs. CMR. STZ, streptozotocin; CMR, Cortex Mori Radicis extract; TRPC1, transient receptor potential canonical channel 1; si-, small interfering RNA.](MMR-21-01-0320-g00){#f1-mmr-21-01-0320}

![Effects of CMR on thermal hypoalgesia and the mechanical threshold in diabetic rats. (A) The paw withdrawal latency of rats from the different groups was assessed using a hot-plate. (B) The mechanical threshold of rats in the different groups was assessed. \*\*P\<0.01 vs. control; ^\#^P\<0.05 vs. model; ^Δ^P\<0.05 vs. CMR. CMR, Cortex Mori Radicis extract; TRPC1, transient receptor potential canonical channel 1; si-, small interfering RNA.](MMR-21-01-0320-g01){#f2-mmr-21-01-0320}

![Effect of CMR on Nissl bodies in DRG neurons in diabetic rats. DRG neurons were separated and extracted from the spinal cord and fixed with 4% paraformaldehyde for frozen sectioning. Morphological changes of DRG neurons were observed, including Nissl bodies and the size of neurons. White asterisks indicate Nissl bodies. Scale bar, 50 µm. \*\*\*P\<0.001 vs. control; ^\#\#^P\<0.01 vs. model; ^Δ^P\<0.05 vs. CMR. CMR, Cortex Mori Radicis extract; TRPC1, transient receptor potential canonical channel 1; si-, small interfering RNA; DRG, dorsal root ganglia.](MMR-21-01-0320-g02){#f3-mmr-21-01-0320}

![Effect of CMR on the neurite outgrowth of DRG neurons in diabetic rats. (A) DRG neurons were obtained and loaded with Fura-2. Morphological changes in the DRG neurons were observed, such as multicellular neurite outgrowth (top panel) and single cell neurite outgrowth (bottom panel). (B) The lengths of neurite outgrowth were measured and statistically analyzed. Scale bar, 20 µm. \*\*P\<0.01 vs. control; ^\#\#^P\<0.01 vs. model; ^Δ^P\<0.05 vs. CMR. CMR, Cortex Mori Radicis extract; TRPC1, transient receptor potential canonical channel 1; si-, small interfering RNA; DRG, dorsal root ganglia.](MMR-21-01-0320-g03){#f4-mmr-21-01-0320}

![Effect of CMR on the growth cone of DRG cells in response to NGF. Images of growth cone in cultured DRG cells before and after 30 min exposure to NGF are shown. Asterisks indicate the NGF gradient. Scale bar, 50 µm. NGF, nerve growth factor; CMR, Cortex Mori Radicis extract; TRPC1, transient receptor potential canonical channel 1; si-, small interfering RNA; DRG, dorsal root ganglia.](MMR-21-01-0320-g04){#f5-mmr-21-01-0320}

![Effect of CMR on the TRPC1/Ca^2+^ axis in the DRG neurons of diabetic rats. DRG neurons were seeded in a 6-well plate (5×10^5^ cells/well) and were cultured for 24 h. (A) Normal rats were treated with control siRNA and TRPC1 siRNA. DRG neurons were collected and TRPC1 expression was detected by western blotting and was statistically analyzed. (B) mRNA expression levels of TRPC1 in the DRG neurons from different groups were detected by reverse transcription-quantitative PCR and analyzed. (C) Protein expression levels of TRPC1 in the DRG neurons from different groups were detected by western blotting and (D) were statistically analyzed. GAPDH was used to confirm equal sample loading. (E) DRG neurons were seeded in a 6-well plate (5×10^5^ cells/well) and were cultured for 24 h. Cytosolic Ca^2+^ was measured in Fura-2-loaded DRG neurons and (F) statistically analyzed (340/380). Representative traces of intracellular Ca^2+^ in DRG neurons are shown. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001 vs. control; ^\#\#^P\<0.01 vs. model; ^Δ^P\<0.05 vs. CMR. CMR, Cortex Mori Radicis extract; TRPC1, transient receptor potential canonical channel 1; si-, small interfering RNA; DRG, dorsal root ganglia; Tg, thapsigargin.](MMR-21-01-0320-g05){#f6-mmr-21-01-0320}

![Effect of CMR on PI3K/AKT signaling in the DRG neurons of diabetic rats. DRG neurons were separated and the lysates were analyzed using western blotting. (A) Expression of PI3K, (B) AKT and p-AKT proteins was detected by western blotting. (C) Relative expression of PI3K (PI3K/GAPDH) was statistically analyzed. (D) Relative expression of p-AKT (p-AKT/AKT) was statistically analyzed. GAPDH was used to confirm equal sample loading. \*\*P\<0.01, \*\*\*P\<0.001 vs. control; ^\#^P\<0.05, ^\#\#\#^P\<0.001 vs. model; ^Δ^P\<0.05 vs. CMR. CMR, Cortex Mori Radicis extract; TRPC1, transient receptor potential canonical channel 1; si-, small interfering RNA; DRG, dorsal root ganglia; P-, phosphorylated.](MMR-21-01-0320-g06){#f7-mmr-21-01-0320}

![Schematic diagram of proposed mechanism for the neuroregenerative effect of CMR in diabetic rats. CMR treatment increases the expression of TRPC1. As a result, Ca^2+^ influx is decreased. The upregulation of TRPC1 enhanced PI3K activation and AKT phosphorylation, promoting neurite outgrowth of dorsal root ganglia neurons in diabetic rats indicating a potential new biological effect of CMR in enhancing neurite outgrowth and suggesting its potential as an alternative drug for the treatment of diabetic peripheral neuropathy in patients with type II diabetes. NGF, nerve growth factor; CMR, Cortex Mori Radicis extract; TRPC1, transient receptor potential canonical channel 1.](MMR-21-01-0320-g07){#f8-mmr-21-01-0320}
